Although it is obvious that the blood flow through the pulmonary artery is pulsatile, it is not so certain that it remains so within the pulmonary capillaries. On the contrary, the direct Fick method for measuring cardiac output expresses mean flow per unit time, and calculation of pulmonary arteriolar resistance tacitly assumes the existence of a non-pulsatile blood flow. Furthermore, it is not known whether the rate of gas diffusion from alveolus to capillary varies with the phase of the cardiac cycle.
the response time was satisfactory up to a rate of 35 cycles per second. The pressure between the plethysmograph and compensatory chamber could be equalized by a valve, and the plethysmograph could be vented to the exterior by a solenoid operated valve in the wall of the chamber.
The subjects, who had been active in the laboratory, were permitted to sit for 5 to 15 minutes before entering the plethysmograph. During the test, they were required to breathe in a special way, and to turn valves; they were by no means basal. The subject sat in the closed plethysmograph with two 5-liter bags and two sampling tubes. His electrocardiograph (lead CF.4) was recorded simultaneously with the plethysmograph pressure, using a second Brush D.C. amplifier operating the remaining pen of the Brush recorder. Two minutes were allowed for temperature equilibration to occur, but in spite of this, some slight rise in pressure within the plethysmograph continued owing to continued heating of the contained air by the subject's body. To measure this and also R.Q. effects during the subsequent breathholding procedures a control record was first obtained. The subject twice exhaled almost to his residual capacity and then took a deep inspiration. After occurring from heating and R.Q. effects, small variations in pressure were seen to occur in association with the heart beat ( Figure 2) .
After a short period of normal breathing, the subject again exhaled almost to his residual volume and then took a deep inspiration from a 5-liter bag containing 100 per cent oxygen. This was done to raise the alveolar oxygen content so that when nitrous oxide was subsequently breathed, the resultant alveolar gas mixture would contain approximately the normal concentration of oxygen. Next, the subject again fully exhaled and took a maximal inspiration of 100 per cent nitrous oxide from a second 5-liter bag. He then exhaled through a Haldane gas sampling tube to resting lung volume and held his breath with the glottis open. The plethysmograph pressure fell in a characteristic fashion as the nitrous oxide was absorbed by the blood entering the lung capillaries ( Figure 3 ). After 5 to 10 seconds breathholding the subject exhaled maximally through a second Haldane gas sampling tube.
The two expiratory samples were taken for subsequent analysis for nitrous oxide in a mass spectrometer. From these samples, the mean alveolar gas concentration during each cardiac cycle was calculated. The subject usually began to feel slightly 'intoxicated' some 15 to 20 seconds after inhaling the gas; this sensation disappeared rapidly after inhaling several breaths of air from the plethysmograph; it was more marked if oxygen was not inspired prior to the nitrous oxide inspiration.
The calculation of mean alveolar gas concentration from expired air samples assumes satisfactory distribution of the inspired gases within the lungs. All the subjects studied were healthy young adults. Under such circumstances it has been shown that the alveolar plateau recorded by a rapid gas analyzer can be extrapolated backward to the dead space (2, 3) and forward to the above, calibrated as a volume change. ECG residual volume (4, 5) . Since the mean concentration of alveolar gas is the mean of the integral of the product of concentration and volume over the entire range of lung volume, it is reasonable to assume that the mean alveolar concentration is represented as a point located at approximately mid expired volume on the alveolar plateau in a normal subject.
Expiration into a rapid gas analyzer showed that after a single breath of nitrous oxide, the alveolar gas concentration was approximately 58 per cent N2O. However, if the breath was held at resting volume for varying intervals of time before exhaling into the analyzer, the alveolar concentration fell progressively at approximately 0.5 per cent N20 per second. After exercise, the rate of decline was considerably faster (0.7 to 1.8 per cent N2O per second).
The change in pressure in the plethysmograph was converted to volume change by calibrating with a small volume of air alternately injected and withdrawn, using a 30 ml. syringe or a diaphragm type pump. The calibrating volume under ambient conditions at 260 to 280 C., and 40 to 50 per cent saturated (unpublished measurements by Botelho) was converted to BTPS by an appropriate factor, assuming a barometric pressure of 760 mm. Hg. It produced a deflection of approximately 12 mm. on the record.
Having completed the procedure under resting conditions, the whole procedure was repeated after half a minute of knee-bending exercises in the plethysmograph.
Calculation of blood flow
The solubility of nitrous oxide (SN20) in whole blood is 47 vol. per 100 ml. blood per atmosphere at BTPS (6) . Since the volume of N20 (VN20) which dissolves in the blood is proportional to the alveolar fraction of N20 The same was done for the control period, and the control values were subtracted from those obtained during the N,O period in order to eliminate the recurrent variations produced by mechanical gas compression with the heart beat, temperature, and R.Q. changes already mentioned.
(b) The output from the capacitance manometer amplifier recording the plethysmograph pressure (V) was led through a 'differentiating' circuit consisting of a capacitance (C) and resistance (R); the voltage across the resistance was measured by a Brush DC amplifier and recorder. The values of C and R were selected to give a time constant of 0.06 second. The output was approximately proportional to the rate of change of pressure in the plethysmograph and hence proportional to the rate of blood flow ( Figure 4) .
It was considered that part of the pressure drop in the plethysmograph during nitrous oxide uptake might possibly be due to uptake in the lung tissues themselves, rather than by the blood. This possibility was therefore tested, using the trachea, heart and lungs of dogs, obtained immediately following the termination of other experiments in which the lungs had not been involved. These isolated lungs contained blood that was not flowing. The preparation was placed in a plethysmograph of approximately 25 liters capacity and inflation experiments were made which were identical with the procedure carried out by our subjects in the body plethysmograph. After the first second following inflation of the dog's lungs with 100 per cent nitrous oxide, only minor changes in plethysmograph pressure occurred: N,O per sec. would be taken up, due to delayed equilibration. However, the uptake due to blood flow is approximately 30 ml. N,O per sec., so that the factor of delayed lung tissue equilibration is negligible in the present study on man.
Although N,O is an inert gas chemically, it seemed possible that it might be evoking a local vasodilator effect upon the lung vessels. This could have led to the production of a pulsatile blood flow within the lung capil- --- In all five subjects, both at rest and after exercise, the instantaneous pulmonary capillary blood flow rates were found to be pulsatile. They varied between 40 and 70 ml. per sec. (Figures 5 and 6 ), since the area of each curve represents pulmonary capillary blood flow per cardiac cycle. Hence, knowing the pulse rate, or from measurement of the mean slope of the plethysmograph pressure curve during N20 breathing (Figure 3) , the mean cardiac output per minute can be obtained ( Figure 7 and Table II) .
The mean cardiac output in our resting, nonbasal subjects, was 7.9 L. per min. S.E. + .26 (8) . It differs by using a differential manometric respirometer which allows instantaneous changes in gas uptake to be measured. It suffers from some of the disadvantages that previous indirect Fick methods for cardiac output measurement have had, whether using nitrous oxide, ethyl iodide, acetylene or carbon dioxide. These limitations result from re-circulation of blood during the gas breathing period, alterations of blood flow with each phase of respiration, and the necessity for obtaining a mean alveolar gas sample, which is only possible in subjects with reasonably uniform gas distribution in the lungs. However, accuracy of the alveolar gas sample is not so critical by this method. It also has the disadvantage, compared with the direct Fick method, that the subject must enter a closed chamber, and must be trained in the breathing procedure. Further, no associated data such as pressure measurements, or blood gas samples from various sites in the circulation, can be obtained as with catheter techniques. However it has the advantage of being the only method at present available for instantaneous blood flow in the pulmonary capillaries. Contrasted with it, the dye or isotope dilution methods for measuring cardiac output record the mean flow rate occurring over a period of several heart beats. The present technique allows instantaneous pulmonary capillary blood flow measurements to be made, and also makes possible measurement of the stroke volume of individual right ventricular contractions in man. Two qualifications need to be made when interpreting flow data indicated by nitrous oxide uptake in the lungs. Firstly, since nitrous oxide diffuses with approximately the same speed as carbon dioxide, the equilibration between alveolar N20 and blood entering the pulmonary capillaries is theoretically complete long before the equilibration for oxygen, probably within the first 1/20th of the capillary length (6) . The method therefore measures the rate of blood flow at the arteriolar end of the pulmonary capillary only, and gives no information about the blood flow at the venous end of the system. The second qualification concerns pulmonary ventilation-perfusion relationships. A region of lung receiving no ventilation, or presenting an impervious diffusion barrier, will absorb no N2O despite the presence of blood flow through that area. Such blood must be considered to be passing through a 'physiological shunt' and is not measured by the method.
The instantaneous pulmonary capillary blood flow curves obtained from the nitrous oxide uptake studies do not show a constant flow rate but are pulsatile, having the form and degree shown in the graphs of our five subjects (Figures 5 and  6) . The blood flow tends to increase in pulsatility with exercise. Differential pressures between the pulmonary artery and "capillary" curves in man suggested the likelihood of pulsatile capillary flow (9) .
Although the amplitude of pulsatility varied among the different subjects and under different physiological conditions, there were certain features to the curves that were consistent and reproducible. The pulmonary blood flow reached its slowest rate approximately 0.1 second after electrical systole and then rapidly accelerated during the period of the T wave, to reach a peak blood flow approximately twice the mean blood flow. The rate of flow then diminished to reach a minimum rate, which was usually less than half the mean flow rate and approximately a fifth of peak flow rate. The instantaneous flow records show that these events do not occur in a smooth or sinusoidal wave form, but with abrupt angulations. Following peak flow there was usually a notch or sharp angulation in the curve; similarly, during the period of minimum flow there were sharp transient changes in the instantaneous flow rate. These sharp changes may be due to artefacts resulting from mechanical compression by the heart of the gases within the lungs (10) . On the other hand, since they appear so consistently it seems possible that they may represent real alterations in flow rate associated with the notch in the pulmonary arterial pressure record at the time of pulmonary valve closure in the first instance (11) , and with left atrial systole in the second instance. These events would produce transient changes in pressure gradient across the capillary and hence affect capillary flow rates at these instants.
Since many calculations which use pulmonary blood flow as one of their parameters tacitly assume that the pulmonary capillary flow rate is constant, it is interesting to review these and consider whether errors may be introduced by the assumption of a steady flow. The following sections of the discussion are speculative rather than experimental.
Gas exchange
The concepts of ventilation and perfusion, and the ratio V/Q presume a steady ventilation and steady blood flow for convenience of calculation. Calculation of the variation of alveolar gas tensions during the respiratory cycle (12) shows that under normal conditions and during the steady state it is satisfactory to assume a steady ventilation. The exceptions to this are that the alveolar gas concentrations during a single respiratory cycle and during sudden changes in ventilatory rate do not fluctuate along the same line as the V/Q ratio. A superficial examination of the effects of pulsatile blood flow will reveal much the same state of affairs. Exchange of oxygen and carbon dioxide between the capillary blood and alveolar gas should mostly take place during the rapid phase of blood flow (systole) and very little during the slow phase (diastole). This intermittent exchange would result in a halting type of progression round the loop describing fluctuations of Po2 and Pco2 on the O2-CO2 diagram during a single respiratory cycle (12) . Since the respiratory loop itself causes little effect on the V/Q ratio, intermittent progression round the loop should have little additional effect. In other words, under most circumstances it is satisfactory to assume a constant pulmonary blood flow as far as the V/Q ratio is concerned. Again, the exception occurs when rapid changes in alveolar gas concentration are measured. Under such circumstances, instead of a smooth and continuous change in gas concentration as previously supposed, one would expect to find changes occurring in an intermittent fashion. It is of interest that such an intermittency of concentration change has already been noted by Bartels, Severinghaus, Forster, Briscoe, and Bates from continuous analysis of the expired air for 02, CO2, and N2, using a rapid gas analyzer (13) .
Analysis of the alveolar-arterial oxygen gradient is based on the V/Q ratios discussed above. With the presence of a pulsatile capillary blood flow it is possible to conceive of a situation where an A-a gradient, not present in a steady system, could exist. This would exist where the diffusing capacity for oxygen were such that the systolic spurts of blood flow would pass through the capillaries too rapidly to become saturated and where the diastolic pauses could not make up for the systolic rush. Here saturation would be reached at the mean flow rate, and not improved by a slow diastolic flow rate. Such a situation would require that various elements of the stroke output stay in the capillary system unequal lengths of time. This has not been determined experimentally as far as we know.
Hemodynamics
There is no theoretical reason to challenge the direct Fick method for cardiac output measurement during the steady state on the grounds of pulsatile blood flow, but it is interesting to note that the mean blood flow actually exists during only two brief instants of the cardiac cycle during the rise and fall of the instantaneous flow curve. To test the method further, simultaneous direct Fick and plethysmograph measurements of cardiac output need to be made. In the present investigation, the phase of respiration at which the breath was held was seen to influence the stroke volume, which was greatest during inspiration and least during the expiratory phase. In preliminary experiments, the Valsalva maneuver was studied and was found to be associated with a marked increase in stroke volume during the period of the hypertensive overshoot. This is not in agreement with the findings of others who reported a fall in cardiac output during the overshoot period, using the dye technique (14) . The stroke volume events associated with the Valsalva maneuver are a gross example of the unsteady state. Calculations were made from constantly timed blood samples, with the result that a disproportionately large concentration of dye was collected during the overshoot period when the stroke volume was large. With the plethysmograph method, nitrous oxide uptake is entirely dependent on flow. The importance of obtaining constant volume samples rather than constant time samples in any modification of the Fick principle for cardiac output measurement is thus well demonstrated in situations where the unsteady state exists (15, 16) .
The combination of the elasticity of the arteries and the resistance of the arterioles is capable of converting the pulsatile output of the left ventricle into a constant capillary blood flow in the systemic vascular system. However, the findings here reported regarding pulmonary capillary flow indicate that, although the elasticity of the pulmonary arteries maintains a certain diastolic capillary flow, the combination of this elasticity and the pulmonary arteriolar resistance is not sufficient to induce a constant capillary blood flow. With techniques now available it should be possible, from simultaneous pressure flow data, to separate the factors of elasticity, resistance, and inertia in the pulmonary arterial system. In the absence of such information, it seems likely that the ratio of mean pressure to mean flow commonly used to express "pulmonary arteriolar resistance" will include components of elasticity and inertia. We believe that it would be more logical to calculate the "pulmonary impedance" until the elasticity and inertia factors are computable.
In a pulsatile system it is difficult to conceive of a single value for pulmonary capillary blood volume during all phases of the blood flow, unless the pulmonary capillary inflow exactly matches outflow in time and degree. If this were the case, the oxygen diffusing capacity would tend to decrease with exercise (pulsatile variation of the A-a gradient), the reverse in fact being the case. It would seem more likely that in such a system the pulmonary capillary volume would be capable of increasing to accommodate sharp increases in flow, with the result that the transit time through the alveolar capillary would remain approximately constant. Exercise would then be associated with an increase in oxygen diffusing capacity, as has been shown to be the case (17) (18) (19) . The change in pulmonary capillary volume could occur by passive dilatation of already patent vessels as flow increased. Alternatively, the capillary volume could increase by the opening up of previously closed capillaries as flow rate increased and the pressure within the vessels exceeded a certain critical value. Regulation of pulmonary capillary volume by such a critical opening mechanism is an attractive hypothesis (20, 21) . Maintenance of a constant pulmonary artery pressure in the face of large and rapid flow changes would become explicable on a physical basis, and the apparent lack of neurogenic control of pulmonary vascular tone would become less perplexing. In addition, opening of fresh vessels at high flow rates would allow both capillary transit time and the diameter of each open capillary to remain constant, with the result that conditions of gas diffusion would remain optimal at all flow rates. Microscopic observation showed opening or closing of lung capillaries in the anesthetized cat (22) and also various types of blood flow, sometimes pulsatile, sometimes steady.
In summary, conditions of pulsatile flow may be expected to produce certain hemodynamic and gas exchange effects which would be absent if the pulmonary capillary blood flow were constant as has sometimes previously been assumed. SUMMARY 1. A method is described for measuring instantaneous pulmonary capillary blood flow in man.
The subject sat in a body plethysmograph and the plethysmograph pressure was continuously recorded during breathholding after inspiration of nitrous oxide. The plethysmograph pressure fell as the gas was absorbed by the blood entering the pulmonary capillaries. The rate of uptake of nitrous oxide so measured was proportional to the pulmonary capillary blood flow.
2. Observations were made on five healthy male subjects before and after moderate exercise. Pulmonary capillary blood flow was not steady but pulsatile.
Following electrical systole, there was a rapid acceleration of flow to a rate about twice the mean cardiac output, followed by a more gradual decline to low rates of flow. The cycle was repeated with each heart beat. 3. The possible effects on gas exchange and upon the hemodynamics of the pulmonary circulation are discussed.
